Monitoring and predicting the spread of emerging infectious diseases requires that we understand the mechanisms of range expansion by its vectors. Here, we examined spatial and temporal variation of genetic structure among 13 populations of the Lyme disease vector, the black-legged tick, in southern Quebec, where this tick species is currently expanding and Lyme disease is emerging. Our objective was to identify the primary mode of tick movement into Canada based on observed spatial and temporal genetic patterns. Upon genotyping 10 microsatellite loci from 613 tick specimens, we found multiple genetic signatures of frequent long-distance dispersal events, supporting the hypothesis that migratory birds are the primary carriers of black-legged ticks into southern Quebec. When we compared results from analyses of pairwise differences among ticks collected from 8 different sites at different years between 2011 and 2014, we found that genetic variation observed among tick individuals appeared to be better explained by collection year than sampling locality. This suggests that while cohorts of black-legged ticks can rapidly invade large areas across southern Quebec, they also appear to be undergoing frequent turnover. Finally, the amount of genetic variation in tick populations across our study area appeared to be related to their degree of establishment, with established populations displaying a lower amount of temporal genetic variation than adventitious ones. Given that Lyme disease infection risk in a region can be influenced by the relative presence of established and/or adventitious tick populations, our results are useful for understanding both the seasonality and spatial variation of Lyme disease.
Species range expansion is occurring globally across a wide range of taxa and is driven by climate and land use changes (Chen et al. 2011; Dawe et al. 2014) . Range expansion is causing the rapid emergence of a number of zoonotic diseases (Crowl et al. 2008; Engering et al. 2013) because new pathogen, arthropod vector, or vertebrate host species are being introduced into naïve regions (e.g., Fuller et al. 2012; Legér et al. 2013) . Species range expansion produces observable genetic signals, such as lower genetic diversity and greater genetic structuring among populations at range edges (Excoffier et al. 2009; Cristescu 2015) . We can thus apply concepts from population genetics to identify and quantify the degree of establishment of invasive pathogen, vector, or host populations that facilitate disease emergence and rapid spread (Engering et al. 2013; Estrada-Pena et al. 2014 ).
The number of reported Lyme disease cases in Canada has been increasing rapidly in recent years (Ogden et al. 2009 ), a phenomenon largely attributed to the novel dispersal routes and subsequent range expansion of the Lyme disease vector, the black-legged tick, Ixodes scapularis Say 1821, into the country (Ogden et al. 2008) . Since the 1990s, the number of established black-legged tick populations in Canada has increased substantially from one at Long Point, Ontario (Ogden et al. 2009 ), to numerous populations now found across 5 Canadian provinces (Ogden et al. 2014 ). Prior to the 1990s, there were no established tick populations in Canada. Despite the threat black-legged ticks present for Lyme disease exposure risk, few attempts have been made to examine the genetic diversity of black-legged ticks in Canada. Research performed to date focused on active or passive surveillance, and predictive modeling of future tick distributions (e.g., Ogden et al. 2006b ; Leighton et al. 2012 ). To our knowledge, only a few studies have examined black-legged tick genetic diversity in Canada using the 16S ribosomal RNA mitochondrial marker (Krakowetz et al. 2011 (Krakowetz et al. , 2014 or the mitochondrial cytochrome C cox1 marker (McLain et al. 2013) . Although these studies assess tick genetic diversity, population structure, and potential source populations, these slow-evolving, noncodominant genetic markers with low polymorphism may not reflect contemporary gene flow among tick populations (Chase et al. 1996; Tamaki et al. 2008) .
Here, we applied population genetics using a set of fast-evolving, selectively neutral microsatellite markers to investigate the pattern of range expansion of black-legged ticks into southern Quebec. Black-legged ticks are unlikely to travel great geographical distances on their own (Falco and Fish 1991) because their movement across a landscape is dependent on their hosts (Ogden et al. 2006a) . Migratory birds may contribute to the long-distance movement of ticks from United States into Canada during their annual migrations (Ogden et al. 2008 (Ogden et al. , 2015 , while terrestrial hosts play additional roles in the expansion of tick populations at the edge of their current distribution (Khatchikian et al. 2015) . Theoretical population genetics predicts that long-distance and short-distance dispersal produce distinct and observable patterns of allele frequency distributions across the landscape such as patchy versus a continuous gradient of allele frequencies in the direction of spread, respectively (Bialozyt et al. 2006; Excoffier et al. 2009 ). The frequency of dispersal may be also apparent in the pattern of genetic diversity observed across the landscape (Bialozyt et al. 2006) . If the introduction of ticks into Quebec is driven primarily by hosts with frequent long-distance dispersal behavior (i.e., migratory birds), we expect tick populations in southern Quebec to present patchy allele differentiation, low population structuring, and consistently high genetic diversity across the region (Bialozyt et al. 2006) .
Temporal variation in allele frequency may be caused by stochasticity, but the net result of colonization and extinction events within a population could potentially produce consistent and predictable variation. While population size may remain stable over time, genetic diversity may vary and populations at earlier stages of establishment may exhibit greater rate of genetic turnover compared to well-established populations ( Figure 1 ). As new individuals are introduced into a population, we expect to observe influxes of new genetic material. However, the relative amount of novel genetic material relative to that already present locally will differ depending on the establishment stage ( Figure 1 ). Such differences in temporal genetic differentiation within each population can provide insights into the stage of population establishment. For example, we would expect to observe great rates of genetic turnover within populations undergoing recolonization-extinction cycles ( Figure 1A ), moderate turnover rates in populations at the colonization stage ( Figure 1B) , and low genetic turnover in wellestablished populations ( Figure 1C ). Based on these hypotheses, we attempted to quantify rates of genetic turnover in tick populations for each of our sampling sites to estimate the degree to which populations are established across the landscape. Specifically, we expected populations at the leading edges of species range expansion to exhibit lower genetic temporal stability than those that are well established (Excoffier et al. 2009 ). This is something that to our knowledge has not been attempted on black-legged ticks. To test the validity of our hypothesized relation between the amount of genetic turnover and tick population establishment stage, we compared our results with those from a study by Ogden et al. (2008b) who estimated the likelihood of the occurrence of established tick populations based on surveillance data in the region. 
Materials and Methods

Study Organism
Black-legged ticks are obligate hematophagous ectoparasites, known to transmit not only the Lyme disease agent (Borrelia burgdorferi sensu-stricto), but also a variety of other bacterial and viral pathogens such as Anaplasma phagocytophilum, Babesia microti, and the Powassan virus (Allan 2001 , Ostfeld 2011 . As 3-host ticks, black-legged ticks have life cycles that span approximately 2 years (Allan 2001) . Egg masses laid in leaf litter in the spring will hatch in the summer, producing larvae that seek their first host (usually small mammals) and feed until fully engorged. Once blood meal is complete, the larvae drop to the ground and molt into nymphs. The nymphs in turn seek another host for their second round of feeding in late summer or early fall. Once replete, the nymphs will once again detach from their hosts, and overwinter on the ground. Upon snow melt in the spring, the nymphs will molt into their final, sexually mature adult stages whereby they would seek their third and final hosts for a blood meal. In some cases, ticks may experience accelerated development if weather conditions permit, resulting in adults appearing in the fall prior to the winter months. Conversely, if ticks fail to find an appropriate host, they may overwinter in the ground and attempt to seek a new host after snow melt, prior to new hatch.
Study Sites and Data Collection
We sampled and analyzed data from 613 black-legged ticks of all 3 life stages (larva, nymph, and adult) collected from 13 sites between 2011 and 2014 across a study area in southern Quebec, located within the lowlands of the St Lawrence surrounding the city of Montreal. Our study area spanned approximately 2080 km 2 (Supplementary Figure S1) . At each site, ticks were collected by dragging a 1 m 2 of white cloth across the ground on 90 m transects, with stop checks performed every 10 m. The transects were replicated 12 times across each sample site. Ticks were also sampled from small mammals captured using Sherman traps (Supplementary Table S1 ). Our sampling effort for this study occurred primarily in the summer months of July and August. As a result, over 85% of our specimens were larvae or nymphs (Supplementary Table S1 : larvae = 21% of specimens, nymphs = 65% of specimens, adults = 14% of specimens). Given that nymphs and adults are frequently sampled near the end of each sampling season, we are confident that individuals sampled in the same year belong to the same cohort. In the event multiple larvae were sampled from a single drag or host individual, we used only one specimen in our genetic analyses to remove the potential confounding effect of kinship.
DNA was extracted from all tick specimens either using a standard 3-day phenol/chloroform extraction procedure as described by Sambrook et al. (1989) or via the QIAamp DNA mini kit (Qiagen, Valencia, CA). A set of 10 microsatellite loci developed by Fagerberg et al. (2001) for black-legged ticks were used to genotype all individuals (Supplementary Table S2 ). A subset of randomly selected specimens (10 per sampling site) was genotyped twice to ensure consistent alleles calling. Polymerase chain reactions (PCR) were performed in 15 µL reactions containing 8.6 µL 10X PCR buffer, 0.2 mM of each dNTPs, 0.5 ρmol/µL of each primer, 0.05 U/µL of Taq polymerase, and 2.5 µL DNA template DNA. All PCR thermocycling conditions included an initial denaturation step at 95 °C for 30 s, 30 cycles of 95 °C for 15 s, loci-specific primer annealing temperature for 30 s, and 72 °C for 45 s. PCR amplified products were visualized on an ABI3730 capillary sequencer (Applied Biosystems, Foster City, CA) at Genome Québec (Montreal, CA) and genotyped using the program GeneMarker (SoftGenetics LLC., State College, PA) while using GeneScan 500-LIZ (Applied Biosystems ) as the size standard.
Genetic Analyses
We performed analyses of molecular variances (AMOVA) to examine the genetic differentiation among individuals sorted by sampling localities using an analogue of Slatkin's R-statistics (Slatkin 1995) in Arlequin ver. 3.5 (Excoffier and Lischer 2010) . We also conducted isolation-by-distance analyses via Mantel tests over 999 permutations to investigate overall genetic variation relative to geographical distance. Pairwise Euclidean geographical distances and genetic distances between sites were calculated using the pointDistance function from the R package vegan (Oksanen et al. 2015) and the pairwise.fst function in the R package adegenet (Jombart et al. 2014) , respectively. We further correlated measures of genetic diversity (i.e., expected heterozygosity, observed heterozygosity, and number of allele) against a latitudinal gradient based on the GPS coordinates of each sampling locality. Measures of genetic diversity were estimated using the Excel Microsatellite Toolkit (Park 2001) . We identified spatial patterns of allele frequency differentiation among our tick populations using both individual-based clustering analyses and spatial principal components analyses (sPCA), a multivariate method to identify both local and global spatial genetic patterns.
The individual-based clustering analysis was performed using STRUCTURE ver. 2.3 using the no admixture and independent allele frequency models (Pritchard et al. 2000) . Ten iterations for each number of populations (k) equaling 1 through 10 was initially analyzed for 100 000 Markov Chain Monte Carlo (MCMC) generations with an initial burn-in of 10 000 generations. The most likely number of populations was subsequently calculated from likelihood outputs produced by STRUCTURE using the approach by Evanno et al. (2005) . Based on this result, a more thorough analysis with "k" defined was completed with MCMC running for 500 000 generations with an initial burn-in of 50 000.
The sPCA was performed with the spca function from the R package adegenet, using the Delaunay triangulation approach to estimate a connection network among tick individuals.
We then filtered our dataset based on the following criteria. First populations that were only sampled once between 2011 and 2014 were removed from analysis. We then sorted our specimens into groups according to sampling sites and sampling years and only kept groups that comprised more than 12 individuals to examine temporal genetic variation. Following this filtering, 481 specimens collected from 8 sites remained for the subsequent analyses (see Table 1 and Supplementary Table S1 for information on specific sites and groups). We performed principal components analyses (PCA) at individual and population levels using raw genotype data and log-transformed allele frequency, respectively using the dudi.pca function from the R package ade4 (Dray et al. 2015) . Next, we performed hierarchical AMOVA in Arlequin to quantify genetic variation among samples to test the effect of sampling site nested within sampling time, as well as the effect of sampling time nested within sampling site. This allowed us to estimate the respective effects of time and geographic location on genetic variation. We also performed individual within-sample (either within year or within site) AMOVA analyses (Table 1) , with Bonferroni correction applied to account for multiple testing.
We then examined genetic differentiation across years for specimens sampled within each site using pairwise genetic distances calculated in Arlequin from the AMOVA analyses using 100 permutations. Pairwise genetic distances were computed as a distance matrix, using the sum of squared differences (i.e., R ST analogue).
Results
Spatial Genetic Patterns in Black-Legged Tick Populations
We detected patchy allele frequency differentiation among our sampling sites, with additional cryptic structures among individuals within each site (Figure 2 ). There was a significant but low amount of genetic structuring among ticks sampled from different sites across our study area (R ST = 0.037, P < 0.001, % variance = 3.75%). However, we also obtained a significantly positive R IS (R IS = 0.397, P < 0.001, % variance = 38.29%) value, which suggests the presence of cryptic subpopulation structures. We identified 3 distinct genetic clusters among the 613 black-legged ticks included in the analysis (K = 3, mean LnP(k) = −19692.96, ΔK = 177.98), but did not detect any clear pattern in the geographic distribution of these clusters (Figure 2) . Specifically, we found that 12 out of 13 sampling sites comprised more than 1 genetic cluster. This lack of spatial genetic pattern was further supported when we found no significant correlation between genetic distance and geographical distance (Mantel's r = 0.035, P = 0.422), and measures of genetic diversity exhibited no significant evidence of clines along the latitudinal gradient. Expected heterozygosity, observed heterozygosity, and allele numbers in all sites also remained relatively constant along the latitudinal gradient (P > 0.05). Finally, sPCA on individual tick specimens revealed significant global P = 0.001) and local (P = 0.017) genetic structures among our black-legged tick samples, as well as a patchy allele differentiation patterns (Supplementary Figure S2) .
Spatio-Temporal Genetic Variation in Black-Legged Tick Populations
A comparison of results from analyses of pairwise differences among ticks collected from 8 different sites at different years between 2011 and 2014 revealed that genetic variation observed among tick individuals appeared to be better explained by collection year than sampling locality (Supplementary Figure S3) . However, a t-test did not show a statistical difference (t = −1.410, P = 0.09) between temporal (average R ST = 0.112) and spatial genetic variation (average R ST = 0.063).
PCA analyses at the individual and sample levels both revealed observable groupings according to collection years (Supplementary Figure S4) . However, the grouping was weak in the individual-level analysis, with the first 2 PCA axes accounting only for 15.16% of total variation (Supplementary Figure S4A) . Conversely, PCA analysis based on allele frequencies calculated for each sampling site revealed much stronger grouping by sampling year (1st PCA axis = 25.52%, 2nd PCA axis = 21.78%) (Supplementary Figure  S4) , where samples from sites sampled in 2012 and 2014 grouped together, and away from samples from sites sampled in 2011 and 2013 (Supplementary Figure S4) .
Hierarchical AMOVA performed with sampling time nested within sites, revealed no significant genetic structuring among blacklegged tick sampling sites (P = 0.60) ( Table 1) . Conversely, AMOVA analysis with sampling sites nested within collection year, revealed genetic structures, and sampling time accounted for 6.23% of the genetic variation observed among our black-legged tick specimens (Table 1) . Site-specific analyses (i.e., testing genetic differentiation among sampling years within sites) revealed that for all 8 sites examined, black-legged tick specimens collected in different years exhibited statistically significant genetic differentiation from each other (Table 1) 
Status of Black-Legged Tick Establishment
Pairwise genetic distances of samples of individuals sampled at different years within each sampling site ranged from 0.055 to 0.251. However, these pairwise genetic distances tended to be significantly lower when there had been an even number of years between sampling events (i.e., 2011 vs. 2013) , as opposed to odd numbers of years between sampling events (i.e., 2011 vs. 2014, 2012 vs. 2013, 2013 vs. 2014) (Table 2 ) (t-test = 2.92, df = 12, P = 0.013). We also found a significantly positive correlation between average temporal genetic turnover rates observed at a site and its distance from the Canada-US border (Table 1 ) (Correlation = 0.743, P = 0.035, R 2 = 0.552). Specifically, we note that populations exhibiting lower amounts of temporal genetic differentiation were consistently located in regions where the certainty of the presence of established tick populations was comparatively higher, as determined by Ogden et al. (2008b, Figure 3 ).
Discussion
We have witnessed in recent years the rapid emergence of Lyme disease in southern Quebec, along with the range expansion of the disease vector-the black-legged tick-into the region. To obtain a better understanding of the processes and mechanisms underlying this phenomenon, we examined both spatial and temporal genetic variation among black-legged ticks using a set of species-specific microsatellite markers.
Our first objective was to detect the genetic signature of blacklegged tick range expansion into southern Quebec. Depending on the frequency and type of dispersal mechanism, we expect distinct genetic signals (Bialozyt et al. 2006 ). In the case of pure diffusion or shortdistance dispersal, we expect allele frequency differentiation to occur in clines with steady loss of diversity along the colonization corridor (Bialozyt et al. 2006) , along with significant isolation-by-distance effects. Conversely, long-distance dispersal events will produce patchy allele differentiations due to "embolism effects," whereby the migration of genetic material along a colonization corridor is interrupted or blocked by the establishment of certain genotypes ahead of the main colonization front (Bialozyt et al. 2006 ). This blocking effect tends to increase in intensity as the frequency of long distance dispersal increases (Bialozyt et al. 2006 ). Yet, beyond a certain frequency threshold of long-distance dispersal events, any patterns resulting from blocking can be masked by homogenizing effects, whereby we find consistently great amounts of genetic diversity across sites and lower genetic differentiation among sites (Bialozyt et al. 2006) .
We found genetic patterns supporting the hypothesis that ticks are being introduced into the region via long-distance dispersal events occurring at a high frequency. Specifically, our analyses revealed a relatively patchy differentiation of allele frequencies across the study area. We also found no significant isolation-by-distance and a consistently high amount of genetic diversity in ticks across our sampling sites. This is consistent with a high frequency of dispersal events. The primary candidate hosts responsible for facilitating frequent long distance dispersal events in ticks are migratory passerine birds that perform annual long-distance migrations between their over-wintering and breeding sites (Ogden et al. 2008a) .
Frequent long-distance dispersal events driving vector introduction into a region will affect the rates of vector and disease spread in the region. Frequent long distance dispersal events can greatly reduce the time taken for successful tick population colonization and establishment (Bialozyt et al. 2006; Leo et al. 2016) , given suitable habitat and host availability. It has previously been estimated that tick range expansion into Canada may occur at rates of up to 46 km per year (Leighton et al. 2012 ; but see Simon et al. 2014) . However, this value is subject to factors that locally influence tick development rates, survival, behavior, and fitness such as temperature, rainfall, and host availability (Brunner et al. 2012; Simon et al. 2014) . Additionally, specific rates of Lyme disease emergence will be dependent in part, on the availability of suitable local mammalian and avian hosts in the region, as well as their relative susceptibility to tick parasitism, disease pathogen infection, and disease transmission efficacy (Ostfeld 2011; Newman et al. 2015; Schneider et al. 2015) .
Our conclusion differs from that of another study performed in New York in which mitochondrial markers suggested that black-legged tick dispersal patterns were driven not by long-distance migration, but by local dispersal events, possibly over multiple tick generations (Khatchikian et al. 2015) . There are several possible explanations for the differences in our results, the first being our choices of genetic markers (mitochondrial sequences vs. microsatellites), and the second being the locations of our study relative to the known current range edge of the ticks (i.e., established tick range vs. leading edge of range expansion). The latter suggests that the degree of population establishment may be an important factor influencing observed spatial genetic patterns. It will be interesting to attempt to quantify the relative roles of local versus long-distance dispersal in tick spatial genetic patterns after tick populations have established in the region (Khatchikian et al. 2015) . This can be done by directly comparing the population structure and spatial genetic patterns of the ticks against those observed in other candidate host species (Leo et al. 2016) . Similarities in observed spatial genetic structure or patterns among species can be indicative of interspecific-dependent dispersal or shared spatial dependences (James et al. 2011; Widmer et al. 2012; Leo et al. 2016) . Additionally, since we were able to identify long-distance dispersal events as the primary mechanism of northward dispersal by ticks into Canada from the United States, it would be interesting to apply the methods used in this study to examine what dispersal processes are contributing to tick dispersal within the United States. For example, van Zee et al. (2015) had identified genetic signals of north-to-south dispersal of ticks within the United States, but did not investigate the mechanism of such dispersal process.
When we compared results from analyses of pairwise differences among ticks, we found that genetic variation observed among tick individuals seemed to be better explained by collection year than sampling locality, with individuals sampled 2 years apart being more genetically similar to each other than specimens that were sampled either 1 or 3 years apart. This 2-year temporal pattern in tick genetic variation is consistent with the species' life history (Ostfeld 2011) . Sample collection in our study was performed predominantly in the summer months, when larvae and nymphs were at their peak activity levels. Due to the 2-year life cycle of blacklegged ticks (Ostfeld 2011) , the juvenile ticks sampled in a single year are likely the offspring of a generation that were themselves in their juvenile stages 2 years before. It stands to reason that offspring would be more likely to exhibit genetic similarity with their parental generation than with an alternate generation that may not be closely related. It has been shown that tick phenology changes with climatic conditions (Gatewood et al. 2009; Ostfeld and Brunner 2015) . Specifically, warmer climatic conditions can influence blacklegged tick development rates, resulting in synchronized larval and nymphal tick activity periods and shorter life cycles (Ogden et al. 2008c; Gatewood et al. 2009 ). As global temperatures continue to increase, and as tick populations continue to establish in southern Quebec, it will be interesting to examine if the 2-year pattern observed in this study is maintained. Any indications of changes in tick phenology and life history will be of interest in disease monitoring efforts as these changes can potentially exert selection pressures on long or short-lived bacterial strains that promote changes in pathogen virulence within a transmission system (Ogden et al. 2008c; Gatewood et al. 2009 ).
The substantial temporal genetic turnover patterns and the relatively low amounts of spatial genetic structure in the black-legged tick strongly suggest that while ticks can be introduced over a wide geographical area, populations are constantly replaced due to the combined effects of local extinction and frequent reintroduction of new individuals (Dinsdale et al. 2012) . Our analyses suggested that temporal genetic variation among individuals within each site appeared to increase towards the north, suggesting that black-legged ticks sampled from different sites in our study exhibit varying degrees of population establishment. Specifically, we found that all three colonization stages may be present in our study area. Sites in our study exhibiting low (genetic distances < 0.10) to moderate (genetic distances between 0.10 and 0.15) amounts of temporal variation, were located in regions that Ogden et al. (2008b) identified to be at high risk of established tick populations, may be considered more established (Figure 3) . Meanwhile, the sites with great amounts of temporal variation (genetic distances > 0.20) and located in regions of "moderate" risk (as defined by Ogden et al. 2008b ) can be considered less established (Figure 3) . We conclude that black-legged tick populations located in the most southern part of our study area are more established than the populations located further north, which are still experiencing substantial recolonization-extinction cycles (Figure 3) .
The nature of the spread of the black-legged tick has important implications for Lyme disease risk across a landscape. Both adventitious and established ticks are capable of transmitting Lyme disease to humans (Ogden et al. 2006b ). However, the timing of disease risk may differ: risk of infection by adventitious ticks is higher during the early spring and autumn activity periods of adult ticks, whereas risk is greater during spring-early summer peak activity period of nymphs in areas where tick populations are established (Ogden et al. 2006b ). Furthermore, regions with establish black-legged tick populations are likely to have higher tick abundances, resulting in increased human-tick encounter rates, and greater risk of tick bites and disease transmission (Ostfeld 2011) . Finally, a recent study has estimated a temporal gap between tick and B. burgdorferi establishment into Canada, where tick population establishment is generally followed by B. burgdorferi establishment approximately 3-5 years later . Early detection of established tick populations in a region can foretell the future emergence of local Lyme disease hotspots.
Conclusion
This is the first study to investigate contemporary population genetic variation of black-legged ticks at the regional level in Canada since records of their presence first began. The salient point of this study is the application of concepts from population genetics to assess mechanism of species range expansion. We were able to quantify empirical patterns of genetic diversity and structure among populations of an important invasive disease vector species and identify specific range expansion processes and mechanisms (i.e., frequent long-distance dispersal events) that would create such patterns. We also identified stages of population establishment at the leading edge of the tick range. Our identification of established vector populations could allow public health officers to identify when disease risk in the region will be greatest (e.g., adventitious vs. established ticks). This information could be disseminated to medical professionals and the general public for diagnostic and preventative efforts, respectively.
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